INTRODUCTION
============

The intimin/invasin family of proteins constitutes a set of virulence factors secreted by bacterial pathogens. Both intimin and invasin share a common domain structure and a broad function to promote adherence of the pathogen to host cell surfaces. The founding member of this protein family was identified in enteropathogenic *Escherichia coli* (EPEC) and initially termed *E. coli* attaching/effacing protein (EaeA) and is now called the intimin ([@evw112-B31]). The *eaeA* gene encoding intimin is found in the locus for enterocyte effacement (LEE), along with the genes encoding numerous virulence factors including the components of a Type III secretion system ([@evw112-B48]). Intimin from EPEC was suggested to be an adhesin because EPEC *eaeA* mutants fail to adhere to epithelial cells. In order to mediate adhesion, intimin docks onto a protein called the Tir (translocated intimin receptor), itself a bacterial protein encoded in the LEE, that is pre-injected into the host cell surface via the type III secretion system ([@evw112-B36]; [@evw112-B39]; [@evw112-B3]). The intimin--Tir interaction ultimately triggers a re-arrangement of the host cell cytoskeleton into a pedestal structure that enables the intimate association of the pathogen on the host cell surface ([@evw112-B35]). The structure of the intimin--Tir interaction domain revealed a crucial role for the C-terminal lectin domain of intimin ([@evw112-B35]; [@evw112-B3]; [@evw112-B46]). Intimin has been characterized in other attaching and effacing pathogens such as enterohemorrhagic *E. coli* (EHEC) and *Citrobacter rodentium* ([@evw112-B32]; [@evw112-B51]; [@evw112-B40]; [@evw112-B41]).

Following a broadly similar paradigm, species of *Yersinia* can adhere to and then invade specific host cells via a mechanism that depends on the interaction between extracellular domains in invasin docking to host cell surface integrins ([@evw112-B27]). The prototypical invasin is InvA from *Yersinia pseudotuberculosis*, but a variety of proteins with sometimes limited sequence similarity have also been annotated as "invasins" in genome datasets. The *bona fide* InvA has a characteristic C-terminal lectin domain that binds to β1-integrins, triggering a rearrangement of the host cell cytoskeleton that ultimately allows entry of the pathogen into the host cell ([@evw112-B28]). The domain organization of invasin is similar to that of intimin, with a highly conserved N-terminal 12-stranded β-barrel domain serving as the most characteristic feature; the β-barrel domains of the intimin from EHEC and the invasin from *Y. pseudotuberculosis* showed 50% sequence identity (65% sequence similarity) and are structurally superimposable ([@evw112-B29]; [@evw112-B20]). The β-barrel domain and the linker region of invasin, and intimin, correspond to a conserved Pfam domain termed the invasin_beta. The passenger domains of intimin and invasin are also structurally related, being composed of a series of three to five bacterial immunoglobulin-like (Big) domains ([@evw112-B11]; [@evw112-B44]).

In various lineages of *E. coli*, intimin has undergone a rapid evolution, forming a large number of variants classified according to their immunological properties as the following: α1, α2, β1, β2 (ξR/β2B), β3, γ1, γ2, δ (δ/β2O), ϵ1, ϵ2 (νR/ϵ2), ϵ3, ϵ4, ϵ5 (ξB), ζ, η1, η2, θ, ι1, ι2 (μR/ι2), κ, λ, μB, νB, o, π, ρ, and σ ([@evw112-B1]; [@evw112-B55]; [@evw112-B65]; [@evw112-B70]; [@evw112-B6]; [@evw112-B7]; [@evw112-B8]; [@evw112-B9]; [@evw112-B25]; [@evw112-B69]). This incredible diversity is functionally relevant, as reflected in the cell types to which each intimin can dock. For example, intimin sub-types γ1/γ2 appear to restrict pathogen binding to the follicle-associated epithelium in Peyer\'s patches of the ileum ([@evw112-B22]). The diversity seen in intimin sequences is likely to have been driven by the selective pressure in the host--pathogen relationship, and has supported a notion of broad sequence diversity within the intimin/invasin protein family. In keeping with this notion, recent sequence and structural studies have revealed a wide variety of non-redundant proteins categorized as intimin-related or invasin-related proteins found in diverse species of bacterial pathogens ([@evw112-B66]; [@evw112-B20]).

In the assembled intimin and invasin, the C-terminal passenger domain is threaded through the lumen of the N-terminal β-barrel domain ([@evw112-B20]; [@evw112-B53]). This topology is reminiscent of that seen in autotransporter proteins and, because of this overall similar architecture, the intimin/invasin family of proteins are also referred to as inverse autotransporters and are categorized as the Type Ve secretion system ([@evw112-B44]). The prefix "inverse" refers to the fact that the autotransporter β-barrel domain is the C-terminal domain, while in intimin and invasin, the β-barrel is an N-terminal domain. The pathway by which autotransporters are assembled depends on two elements of the β-barrel assembly machinery: the BAM complex and the translocation and assembly module (TAM) ([@evw112-B60]; [@evw112-B68]; [@evw112-B5]). As with the autotransporters, *bamA* repression studies have revealed that intimin and invasin require the BAM complex for assembly, but whether the TAM plays a synergistic role has not been tested for the inverse autotransporters ([@evw112-B10]; [@evw112-B54]).

Recent work suggests that at least two other virulence-associated bacterial outer membrane proteins share a structural and evolutionary history with intimin and invasin: FdeC protein from extraintestinal pathogenic *E. coli* (ExPEC) and the *Salmonella* virulence factor SinH (also known as SivH, [@evw112-B38]). The passenger domain of FdeC was reported to have a number of Big domains, similar to those of intimin and invasin ([@evw112-B52]), while the passenger domain of SinH is more divergent and not annotated at all in Pfam. With the relationships within the intimin/invasin protein family warranting further investigation, we have characterized sequence and structure relationships and show that several other virulence factors also belong to this family. Surprisingly, intimins and invasins represent a very small minority of the sequence diversity in what has been previously the "intimin/invasin protein family". Analysis of the assembly pathway for the expression of both the classic intimin (EaeA) and what now appears to be the typical representative of the family, FdeC, reveal an involvement of the TAM as a common feature in both cases. FdeC was recently shown to function as an adhesin in ExPEC ([@evw112-B52]; [@evw112-B18]). While the majority of the sequences in the grouping are most similar to FdeC, a further and widespread group appears instead to be two-partner secretion systems using the inverse autotransporter as the delivery device. This detailed analysis supports the adoption of the "inverse autotransporter protein family" as the most accurate nomenclature for the family, and further supports the characterization of this group of proteins as the Type Ve secretion system ([@evw112-B54]). This in turn has important consequences for the definition of, and cohesion within, the Type V secretion systems of bacterial pathogens.

Materials and Methods
=====================

Bioinformatic Analysis
----------------------

The original dataset for the phylogenetic analysis was retrieved from [@evw112-B20], using all sequences with an active UniProt entry ([@evw112-B67], <http://www.uniprot.org>, retrieved 2015 Jun 28). Functionally described sequences ([supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1) online) were added if they were not already present in the dataset. Alignments were performed using mafft with the -linsi option ([@evw112-B33]), the barrel region was extracted according to invasin (P11922; sites 121--501) and, based on this reduced alignment, sites for tree calculation were chosen using the online server TCS ([@evw112-B13], <http://tcoffee.crg.ca>t/apps/tcoffee/, last accessed August 2, 2015) under the default conditions. The best model was chosen using prottest ([@evw112-B15], version 3.1) with the -all-matrices -all-distributions settings resulting in the LG matrix ([@evw112-B42]). Trees were calculated using RaXML ([@evw112-B63], version 7.2.8) with the rapid bootstrap analysis algorithm, the model set as PROTGAMMALGF and 100 bootstrap samples; and MrBayes using the mixed amino acid models calculated for 1 million generations sampling every 500 generations and a burnin of 25% for the calculation of the consensus tree. Mapping and visualization of datasets onto the tree was performed using itol ([@evw112-B45]). The alignment and the tree files can be accessed from figshare (<https://figshare.com/articles/Conserved_features_in_the_structure_mechanism_and_biogenesis_of_the_inverse_autotransporter_protein_family/3380185>).

The domains for displaying the domain architecture were predicted using the Sanger Pfam online server ([@evw112-B21], <http://pfam.xfam.org>, last accessed August 12, 2015) with the gathering threshold selected as cutoff. Operon information was retrieved from the ensemble bacteria web resource ([@evw112-B37], retrieved 2015 Aug 12) or, if not present there, from GenBank ([@evw112-B4], <http://www.ncbi.nlm.nih.gov/genbank/>, retrieved 2015 Aug 12). Pairwise alignment scores were calculated using the needle and water algorithms from the EMBOSS package ([@evw112-B58], version 6.6.0.0) with the default parameters (gap opening penalty 10.0, gap extension penalty 0.5 for both algorithms); one outlier (D2U3C0) representing a gene duplication was manually reduced to the maximum value of 600. The dataset for the clustering analysis of all invasin_beta domain proteins ([fig. 6](#evw112-F6){ref-type="fig"}) was obtained by extracting all accessions assigned as IPR024519 (Pfam domain PF11924 = invasin_beta) from the protein2ipr.dat table provided by InterPro ([@evw112-B50], downloaded 20 May 2015) and retrieving the sequences from UniProt (retrieved on 2015 Jun 27); this sequence selection was reduced by clustering sequences with an id 0.9 cutoff using the uclust software with the usearch -cluster_fast algorithm, sequences were retrieved by using the -centroids option ([@evw112-B19]), the sequences displayed in [figure 3](#evw112-F3){ref-type="fig"} were reintroduced if they were removed by the clustering and colored according to the groups assigned in [figure 3](#evw112-F3){ref-type="fig"}. All clustering analyses were performed using CLANS ([@evw112-B23]) under the default conditions; the network in [figure 6](#evw112-F6){ref-type="fig"} represents a *P* value cut-off of 1*E*−10, [figure 2](#evw112-F2){ref-type="fig"} represents a *P* value cut-off of 1*E*−35 and [figure 9*A*](#evw112-F9){ref-type="fig"} represents a *P* value cut-off of 1*E*−5. To facilitate visualization of sequences in closely related clusters, all clusterings shown are in 2D space. F[ig]{.smallcaps}. 1.---Structure and assembly of the intimin EaeA. (A) The domain architecture of intimin (i.e., EaeA) is represented based on the PDB structures and homology-modeled domains. The predicted overall structure of intact intimin is colored based on sequence conservation between intimin subtypes (blue = 95% sequence identity; red = 60% sequence identity). (B) Multiple sequence alignments of Tir (showing the region that binds intimin) and of the C-lectin domain of intimin α1, β1, γ1, ϵ1, ζ, θ, ι1, and κ (showing the region that binds Tir). Residues are shaded according to the chemical properties, and contact residues identified in the Tir-intimin crystal structure (pdb 1F02) (sequence indicated with \*) are underlined ([supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1) online, has the accession numbers for these intimin and Tir sequences). (C) The Tir:Int complex structure (pdb 1F02) is shown with Tir represented as a stick frame, while the space-filling model of the intimin C-lectin domain is shown in yellow and orange, where orange shading designates residues mediating contact with Tir. (D) *Escherichia coli* harboring plasmid pCJS30(intimin) were starved of methionine and cysteine, pulse labeled with ^35^S-Met and -Cys for 40 s, followed by a chase period with excess ^32^S-Met and-Cys, where aliquots were taken at 10 s, 2, 4, 8, 16, and 32 min. Aliquots were incubated with proteinase K (+PK) or without (−PK) for 10 min on ice, followed by TCA-precipitation, acetone washing, and resuspension in SDS loading dye, before analysis by SDS-PAGE. Middle and upper panels, cells also carry the control plasmid pACYCDuet-1. Lower panel, cells carry the complementing plasmid pCJS69(*tamA*) (plasmids detailed in [supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1) online). The labeled protein band corresponding to the ∼60 kDa TamA is indicated as \*. F[ig]{.smallcaps}. 2.---A characterization of the Big domains in intimins by similarity clustering. The most N-terminal Big domain 1 is designated Big1(1) and the subsequent Big domain 1 is Big1(2). These sequences as well as the Big2 domain where present, were extracted from intimin sequences and clustered using the CLANS software. The analysis highlights that little sequence divergence is seen in the domain that would be positioned closest to the outer membrane (Big1(1) domain) and divergence is seen to increase towards the C-terminal lectin domain. Color coding denotes the serotypes, with the CLANS sequence groups corresponding very well with the serotypes. Encircled are the sequences from organisms other than *E. coli* that sit more diverged from the intimin serotypes of *Escherichia* species. F[ig]{.smallcaps}. 3.---The evolution of the intimin/invasin protein family. The root was set at the proteins without additional adhesion domains for display purposes, assuming a subsequent gain and duplications/new acquisitions of these across the sequence diversity of related proteins; unrooted versions of the tree are shown in [fig. 4](#evw112-F4){ref-type="fig"}. The tree was calculated with RaxML using the invasin_beta β-barrel region of the sequences only. Functionally characterized proteins as listed in [supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1) ([Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1) online) are indicated with red stars. The domain composition according to Pfam is shown in the outermost circle, with the legend indicating the different respective domain. The two innermost rings indicate similarity values of the proteins sequences with the protein sequences of their respective downstream genes ([supplementary table S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1) online) based on pairwise alignments, using either the needle (innermost circle) or the waterman algorithm. The third ring indicates manually defined groups based on their domain composition and branching order, which correspond to the colors used in [figs. 4 and 6](#evw112-F4 evw112-F6){ref-type="fig"}. The tree was visualized using the itol online server ([@evw112-B45]). F[ig]{.smallcaps}. 4.---Phylogenetic relationships of the major groups in the intimin/invasin superfamily as discussed in this study. (A) The unrooted representation of the tree in [fig. 3](#evw112-F3){ref-type="fig"} is shown, and the branches are colored according to the groups as assigned and shown as ring 3 in [fig. 3](#evw112-F3){ref-type="fig"}. Functionally characterized proteins are indicated for additional orientation. This figure highlights the monophyly of some, but not all, groups as discussed in this study. (B) The same alignment was analyzed under a Bayesian algorithm (MrBayes, for details see the Methods section), not only highlighting the monophyly of the discussed groups but also showing the low confidence of the ordering of the deep branches.

Structure predictions were performed using the online server Phyre2 ([@evw112-B34]), and structural models were retrieved when using the "intensive" mode for selected sequences in Phyre2, representation of the structures was drawn using Chimera ([@evw112-B56]). Secondary structure predictions were performed using Psipred ([@evw112-B49]) under the default conditions, using DomPred if the sequences exceeded the length cut-off for PsiPred. Sequences that exceeded the length cut-off for Phyre2 were split according to predicted domain borders as predicted by DomPred. For the clustering analysis of the Big domains, the intimins ([supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1) online) were reduced to remove identical sequences using uclust as described above, the sequences of the main intimin groups ([supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1) online) were added subsequently. The alignment was performed using mafft as above, and the Big domains (Big1-1: 560--649, Big1-2: 658--751, and Big2: 752--841) were defined according to [@evw112-B46] as well as PSI ([@evw112-B26]) Protein Model Portal; <http://www.proteinmodelportal.org/query/up/>P1980[9](http://9), last accessed August 10, 2015) where no structural information was available, for the sequence P19809 (EPEC intimin). The selected sequence sets were then clustered using CLANS as described above.

Bacterial Strains and Culture Conditions
----------------------------------------

[Supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1) ([Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1) online) summarizes the *E. coli* strains, plasmids, and primers used in this study. The open-reading frame encoding *eaeA* from enteropathogenic *E. coli* (EPEC) E2348/69 and *fdeC* from uropathogenic *E. coli* CFT073 were cloned into the plasmid pET-15b (Novagen). The open-reading frame encoding *tamA* from *E. coli* K-12 str. MG1655 was cloned into plasmid pACYCDuet-1 (Novagen) for complementation. The region comprising *tamA* interrupted with a kanamycin resistance casette from BW25113 Δ*tamA* ([@evw112-B2]) was used to generate an isogenic BL21 Star (DE3) Δ*tamA* via the linear fragment method ([@evw112-B16]). *Escherichia coli* cells were routinely incubated at 37 °C on an orbital platform rotating 200 strokes per minute in LB ([@evw112-B43]) or M9 Minimal Medium (M9 + S). M9 + S was prepared with 0.2% (w/v) glucose, 1.12 mM thiamine, 1 mM MgSO~4~, 0.1 mM CaCl~2~, and M9 Salts ([@evw112-B59]), but an amino acid drop-out mix was used as the nitrogen source (instead of ammonium chloride), where the final concentration of each standard amino acid was 45.4 pg/mL, except leucine, which was 227 pg/mL. A second M9 Minimal Media formulation, but without methionine and cysteine and 1 mM MgCl~2~ in place of MgSO~4~, was also used (M9-S). When required, antibiotics were used at the following final concentrations: ampicillin, 100 µg mL^−1^; kanamycin, 30 µg mL^−1^; chloramphenicol, 34 µg mL^−1^.

To measure assembly of either EaeA or FdeC, the method of [@evw112-B64] was followed, but optimized with specific details: cells were starved of methionine and cysteine for 30 min in M9-S and then cells were aliquoted into 20% (v/v) glycerol, snap frozen in liquid nitrogen and stored at − 80 °C. Aliquots from the one batch were considered to be technical replicates, whereas aliquots from separate batches were considered to be biological replicates. For the subsequent pulse chase experiment, cells were thawed on ice and resuspended in M9-S (to remove the glycerol). Rifampicin (0.5 mg mL^−1^) was added to block native RNA polymerase-based transcription. Following a 1-h incubation, T7 RNA polymerase-based transcription was induced with 0.2 mM IPTG for 5 min (at 30 °C). Cells were "pulse" labeled with 22 µCi mL ^−^ ^1^ \[^35^S\]-Methionine and \[^35^S\]-Cysteine (NEG072, Perkin Elmer) for 40 s and then "chased" (at 30 °C) by resuspension in M9 + S. Where indicated, aliquots were removed and incubated on ice for 10 min with or without 50 μg mL^−1^ proteinase K (MC500, Promega). Samples were then TCA precipitated, followed by an acetone wash, and were resuspended in SDS-loading buffer. Samples were boiled for 3 min and proteins were separated by SDS-PAGE followed by western transfer to 0.45 µm nitrocellulose or PVDF membrane. Radiation was captured using a storage phosphor screen (GE Health Sciences) and analyzed using Typhoon Trio (320 nm).

Mass spectrometry-based identification of SDS-PAGE separated protein fragments was conducted as previously published ([@evw112-B61]).

Results
=======

Structure and Assembly of the Intimin Protein EaeA
--------------------------------------------------

[@evw112-B20] previously investigated a dataset of 146 protein sequences related to prototypical intimin (EaeA) and invasin (InvA) while demonstrating the structural features of the invasin_beta β-barrel domain as a translocation device. In order to determine how prevalent the intimin and invasin proteins are, a large dataset of proteins with an invasin_beta domain (IPR024519; for details on the datasets, see the methods section) was analyzed for the prevalence of classical intimin and invasin sequences. Given the immunological diversity of intimin sequences, we sought to address how prevalent characteristic intimins, and characteristic invasins, are within this set. The domain profile of intimin ([fig. 1*A*](#evw112-F1){ref-type="fig"}) consists of an N-terminal "LysM" (PF01476) domain, the β-barrel domain, and a "passenger domain" formed from four bacterial immunoglobulin-like domains "Big_1" (PF02369) and "Big2" (PF02368), terminating with a lectin domain "Intimin_C". Even though the domain "Big2" (PF02368) is generally present as a characteristic feature, it is not predicted in some EaeA proteins (e.g., Q6KC43_intimin νB) and was, therefore, not used as a search criterion.

In a search that insisted on the presence of these characteristic domains (and allowed for the presence or absence of any other additional domains), 231 proteins were discovered with this domain profile, and are, therefore, classified here as "intimins". This set of sequences is equivalent to those detected recently in a similar search ([@evw112-B44]) and encompasses the immunologically diverse intimin variants. The vast majority of these (i.e., 221 sequences) are found in strains of *E. coli*, in support of the key role of intimins in forming attaching/effacing lesions in *E. coli* pathovars ([@evw112-B32]; [@evw112-B40]; [@evw112-B41]). The remaining 10 protein sequences are found in genera closely related to *E. coli*: *Citrobacter*, *Edwardsiella*, *Salmonella*, and *Shigella* ([supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1) online). Because the β-barrel domains of intimins are structurally conserved ([@evw112-B20]), a protein-protein similarity network analysis was calculated using the passenger domain elements of the 231 intimin sequences ([fig. 2](#evw112-F2){ref-type="fig"}). In these plots, each dot represents a sequence and the distance between each dot is a reflection of their sequence similarity. The relative clustering of the sequences highlights that stronger divergence is seen in the passenger domains, and it increases towards the C-terminus: the Big1(1) domains are very tightly clustered, Big1(2) domains are somewhat less tightly clustered, and the Big2 domains disperse into sub-clusters where each corresponds to one or two serotypes ([figs. 1*A* and 2](#evw112-F1 evw112-F2){ref-type="fig"}).

Analysis of the genomes carrying the 231 intimin-encoding sequences revealed a Tir sequence as well in the vast majority of these ([supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1) online). Intimin binds Tir via its C-lectin domain; a multiple sequence alignment of partner Tir and intimin proteins shows that while the intimin-binding region of Tir proteins is highly conserved, the Tir-binding surface of intimin exhibits considerable sequence variation ([fig. 1*B*](#evw112-F1){ref-type="fig"}). This observation is intriguing and suggests that the broad Tir-interacting surface of intimin ([fig. 1*C*](#evw112-F1){ref-type="fig"}, shaded orange) has diversified to find multiple solutions for binding the narrow, β-hairpin of the Tir-binding surface ([fig. 1*C*](#evw112-F1){ref-type="fig"}). This sequence diversification of intimin in the Tir-binding region, and in its C-terminus more generally, is likely due to pressure from the host immune system.

In order to be accessible to Tir, the entire passenger domain of intimin is secreted as a part of the assembly of intimin into the outer membrane. The Omp85 protein BamA is responsible for the assembly of β-barrel proteins into bacterial outer membranes, and repression of *bamA* expression inhibits intimin assembly ([@evw112-B10]; [@evw112-B54]). Given the recent finding that repressing *bamA* expression also depletes the level of TamA ([@evw112-B17]), we sought to use Δ*tamA* mutants of *E. coli* to determine whether the TAM plays a synergistic role with the BAM complex in the assembly of intimin. To monitor assembly, a rifampicin-blocking technique [@evw112-B64] was employed to selectively label intimin with ^35^S-labeled amino acids *in vivo*. A 32-min time course of intimin expression in wild-type *E. coli* showed the expression of the expected 98 kDa protein as well as a form migrating at ∼115 kDa ([fig. 1*D*](#evw112-F1){ref-type="fig"}). This unusual migration pattern is due to the tight-folding of surface-exposed intimin, which is only partially unfolded under conditions of SDS-PAGE ([@evw112-B10]). The protein is unaffected by the addition of proteinase K (PK), given that the profile is equivalent in the "−PK" or "+PK" samples. Strikingly, in the Δ*tamA* mutant strain, the majority of intimin exist in a form that is susceptible to cleavage by proteinase K, with the "+PK" treatment generating a ladder of fragments of intimin from the surface of the cells. That this cleavage is the result of defective assembly of intimin due to the absence of TamA was confirmed by complementation of the Δ*tamA* mutant strain with a plasmid containing *tamA*, which rescued this phenotype ([fig. 1*D*](#evw112-F1){ref-type="fig"}). This finding suggests that the TAM assists in the assembly of members of two distinct, yet topologically equivalent protein families: autotransporters ([@evw112-B61], [@evw112-B62]) and inverse autotransporters ([fig. 1*D*](#evw112-F1){ref-type="fig"}).

The Intimin/Invasin Protein Family
----------------------------------

For phylogenetic analyses, the original dataset from Fairman et al. was retrieved, using all sequences with an active UniProt entry (see the Methods section). Functionally described sequences ([supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1) online) were added if they were not already present in the dataset. Phylogenetic analysis of the inverse autotransporter family suggests a monophyletic group of sequences where the invasin_beta β-barrel domain is appended to a very short C-terminal extension ([figs. 3 and 4](#evw112-F3 evw112-F4){ref-type="fig"}), which could represent the origin of the superfamily where other domains where subsequently gained. Given (i) the small proportion of sequences corresponding to *bona fide* intimins and invasins, (ii) that the invasin_beta domain appears to occur independently of any particular passenger domain, and (iii) to move away from any misnomer in the literature, we hereafter refer to the overall set of proteins as the *inverse autotransporter protein family* ([@evw112-B44]).

Phylogenetic analysis combined with the domain profiles of the sequences demonstrates that intimins and invasins form distinct, monophyletic branches with only few members ([figs. 3 and 4](#evw112-F3 evw112-F4){ref-type="fig"}). Analysis of the domain profiles for all these proteins underscores that intimins and invasins are an exception with respect to their domain architecture too. Despite the immunologically relevant sequence diversity mapped in the Big domains of the intimin serotypes ([fig. 2](#evw112-F2){ref-type="fig"}), all the intimin sequences form a tight, distinct group divorced from other sequences ([fig. 4](#evw112-F4){ref-type="fig"}). The canonical invasin, InvA, is also part of a conserved monophyletic group of sequences that takes up relatively little of the sequence space of the inverse autotransporter family ([figs. 3 and 4](#evw112-F3 evw112-F4){ref-type="fig"}). In addition to the characteristic β-barrel domain, invasin has domains recognized by Pfam as "Intimin_C" (PF07979) and "Invasin_D3" (PF09134). Of all sequences encoding inverse autotransporter β-barrel domain, only 22 out of 2,468 proteins are annotated with this domain profile even when allowing for other, additional domains to be present; all these sequences belong to the genus *Yersinia* ([supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1) online).

[Figure 3](#evw112-F3){ref-type="fig"} also shows that the majority of the inverse autotransporter sequences have domain architectures distinct from intimin and invasin, but that these are all instead similar to that of the functionally characterized adhesin, FdeC. FdeC is a protein of 150 kDa, with an extensive series of Big domains extending from the bacterial surface ([@evw112-B52]; [fig. 5*A*](#evw112-F5){ref-type="fig"}). Using selective ^35^S-labeling of FdeC in *E. coli* to monitor the assembly of FdeC *in vivo* revealed that it is assembled in a time-dependent manner, in the "−PK" control, the size of FdeC is consistent with the predicted size of 150 kDa ([fig. 5*B*](#evw112-F5){ref-type="fig"}). Treatment of bacteria expressing FdeC with proteinase K generated ^35^S-labeled fragments of ∼100 kDa and ∼50 kDa. In gel, tryptic digestion and mass spectrometry revealed that the ∼50 kDa fragment includes the N-terminal β-barrel domain, and the ∼100 kDa fragment comprises the rest of the C-terminal passenger domain ([fig. 5*A*](#evw112-F5){ref-type="fig"}). As judged by comparison with the intensity of the "−PK" control lane, the majority of the FdeC expressed in this system is cleaved into these two fragments of the protein ([fig. 5*B*](#evw112-F5){ref-type="fig"}). F[ig]{.smallcaps}. 5.---The assembly of FdeC is enhanced by the TAM. (A) The domain architecture of FdeC is represented based on PDB structures and homology-modeled domains. The predicted overall structure of intact FdeC is colored based on the sequence conservation between FdeC subtypes (blue = 95% sequence identity; red = 60% sequence identity). The black lines "N" and "C" encompass the peptides recovered from the 50 kDa fragment and the 100 kDa fragment derived by proteinase K as described in the main text. (B) *Escherichia coli* harboring plasmid pCJS50(*fdeC*) were pulse labeled as in *D*. Mass spectrometry defined the identity of the 50 kDa N-terminal fragment of FdeC (N), and the 100 kDa C-terminal fragment of FdeC (C).

Two observations were made when following the assembly reaction for FdeC in Δ*tamA* mutants, lacking the TamA subunit of the TAM. First, the amount of FdeC assembled per unit time is less in the mutants, as judged by the relative intensity protein fragments in the wild-type and Δ*tamA* extracts ([fig. 5*B*](#evw112-F5){ref-type="fig"}). Second, very little of the ∼50 kDa β-barrel domain fragment is observed, with a relative increase in the amount of other, smaller fragments ([fig. 5*B*](#evw112-F5){ref-type="fig"}, "ladder") seen in the assays. This is consistent with increased protease sensitivity in the surface-exposed loops of the β-barrel domain in the mutants, enabling different-sized fragments of FdeC to be generated in the mutants. Thus, in terms of biogenesis of members of the protein family, the TAM stimulates the expression of a specialist isoform (intimin) and the prototypical form (FdeC) of inverse autotransporters.

The Inverse Autotransporter Superfamily of Proteins
---------------------------------------------------

We sought to determine whether the β-barrel domain characteristic of inverse autotransporters has been acquired in other bacterial lineages. Using the invasin_beta domain as a diagnostic criterion, a dataset of proteins was retrieved from UniProt (for details on the datasets, see the Methods section) and was analyzed using a protein--protein similarity network ([fig. 4](#evw112-F4){ref-type="fig"}). Groups of more distantly related sequences were highlighted by the clustering analysis. These include proteins from distinct Phyla such as the *Chlamydiae* and *Cyanobacteria*, but only distinct taxa within these Phyla; a comparative set of diversity was also detected in a study focused on the distribution of the LysM domain in the inverse autotransporter superfamily ([@evw112-B44]). Such a distribution is suggestive of horizontal gene transfer (HGT) events. Some of these sequence groups mirror the "invasin_beta-only" domain architecture also found in the conserved part of the inverse autotransporter protein family ([fig. 3](#evw112-F3){ref-type="fig"}), but further support for HGT-based acquisition comes from the observation that a defined group of the more diverse sequences have a C-terminal domain defined as a "pectin lyase" (IPR011050), a domain common to virulence factors like pertactin, delivered via a classic autotransporter mechanism ([fig. 6](#evw112-F6){ref-type="fig"}, inset). This observation adds strength to the hypothesis that the inverse autotransporter β-barrel domain is functionally equivalent to the classic autotransporter domain ([@evw112-B53]), with it being a device that can deliver equivalent virulence factors to the bacterial cell surface. F[ig]{.smallcaps}. 6.---Diversity of invasin_beta β-barrel domain proteins extends beyond the inverse autotransporter family. A protein--protein similarity network of all sequences annotated with an invasin_beta domain (reduced to identity 0.9). The inset frames the majority of sequences which cluster tightly, the colors correspond to the sequence groups as shown in [fig. 3](#evw112-F3){ref-type="fig"}. Sequences were observed with both a pectin lyase domain and the invasin_beta translocation device. This is comparable with canonical autotransporters such as pertactin (inset); these Type Va autotransporters often have an additional protease domain indicated by the green icon ("P").

ZirT and Other Inverse Autotransporters with Co-Encoded Substrates
------------------------------------------------------------------

According to Pfam predictions, a substantial set of proteins shown in [figure 3](#evw112-F3){ref-type="fig"} do not have Big domains. Many of these have only a short C-terminal extension, in some cases, with structural characteristics of other bacterial immunoglobulin super-family (IgSF) domains ([@evw112-B11]) such as the fibronectin III domain ([fig. 7*A*](#evw112-F7){ref-type="fig"}). The secondary structure elements in a fibronectin domain comprise a β-sandwich domain wherein three anti-parallel β-strands on one side are intimately packed against four anti-parallel β-strands on the opposite side of the sandwich. This overall β-sandwich structure is the same as that found in Big domains ([fig. 7*B*](#evw112-F7){ref-type="fig"}) and all the other IgSF domains found in bacteria ([@evw112-B11]). This highly adaptable fold is generally used for protein--protein interactions, particularly in the periplasm where a number of chaperones and disulphide exchange folding factors have an IgSF structure that serves in chaperoning protein substrates that will either reside in the periplasm or be translocated across the outer membrane ([@evw112-B11]). Pfam aims to identify homologous domains based on sequence signatures, and while their ancestry might distinguish these domains as either "Big" or "fibronectin", these are both equivalent in three-dimensional structure ([@evw112-B11]). This further commonality binds together the inverse autotransporter protein family. Analysis of the operons ([fig. 8](#evw112-F8){ref-type="fig"}A) and the proteins they encode ([fig. 9*A*](#evw112-F9){ref-type="fig"}) shows an organization reminiscent of the well-characterized ZirTS secretion system ([@evw112-B24]; [@evw112-B57]). Notably, SinH from *Salmonella* and Yfr4 from *Yersinia* ([fig. 8*A*](#evw112-F8){ref-type="fig"}) are inverse autotransporter proteins which share sequence similarity with the protein encoded downstream; this observation was previously documented for SinH, where the downstream protein SinI lacks a β-barrel domain, but has substantial sequence similar to the IgSF domains of SinH ([@evw112-B38]). In the case of ZirT, the downstream proteins ZirS and ZirU lack a β-barrel domain, but have sequence similar to the IgSF domains of ZirT ([@evw112-B57]). It has been experimentally demonstrated that the products of the downstream genes (i.e., ZirS and ZirU) are substrates that are secreted via the ZirT β-barrel domain ([@evw112-B24]; [@evw112-B57]). F[ig]{.smallcaps}. 7.---Structural models of inverse autotransporter passenger domains. (A) The protein sequences without predicted Big domains ([fig. 3](#evw112-F3){ref-type="fig"}) were subjected to structure prediction with Phyre2 ([@evw112-B34]). Results (see [supplementary table S7](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1) online) are illustrated as icons. Most of the sequences appear to conform to fibronectin-like domains (purple), others predict to fold into Big domain folds (orange/red). Structural models built with Phyre2 were edited in Chimera ([@evw112-B56]). (B) Structural comparison of the human type III fibronectin domain and a Big domain from FdeC shows that both domains possess an equivalent β-sandwich fold. A schematic representation of the β-sheets from each domain (left) illustrates the common β-sheet topology, while a cartoon representation (right) of Type III Fibronectin repeat 9 (pdb: 1FNF, residues 1327--1417) and FdeC region B Big1 domain (pdb: 4E9L, residues 678--793) shows the β-sandwich fold. F[ig]{.smallcaps}. 8.---Inverse autotransporters and co-expressed substrate proteins. (A) The operon structures of a subset of inverse autotransporter candidates. The blue and green arrows (first column in the legend) show the inverse autotransporter proteins as given in the tree, whereas the other arrows illustrate the genetic environment (see [supplementary table S6](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1) online). Black arrows indicate genes assessed as unlikely to be transcriptionally linked, dashed lines represent contig ends, and dashed arrows represent pseudogenes. (B) A model for two-partner secretion employing the inverse autotransporter barrel. FhaC is an archetypal two-partner secretion system ([@evw112-B30]). It employs an Omp85-type β-barrel domain, fused to a pair of substrate-binding POTRA domains ([@evw112-B14]) and an N-terminal helix which sits in the barrel lumen, but which is displaced by the presence of the substrate protein FHA ([@evw112-B47]). By analogy, secretion of the substrates ZirS and ZirU by the inverse autotransporter ZirT might rely on reversible binding of a C-terminal helix in the lumen of the β-barrel domain. In its resting state, the C-terminus of ZirT would be oriented towards the cell surface, and a C-terminal epitope would be accessible to exogenously added protease, as observed by [@evw112-B24].

Some of the operons shown in [figure 8*A*](#evw112-F8){ref-type="fig"} also include proteins similar to the Rat-like proteins (RatA and RatB) from *Salmonella enterica* serovar Typhimurium ([@evw112-B38]). Further analysis of the Rat-like protein sequences showed that while the N-terminal region is highly divergent, the C-terminus shows sequence and predicted structure similar to the Big domains of intimin and invasin ([fig. 9*B*](#evw112-F9){ref-type="fig"}). Based on the ZirT:ZirS translocator:substrate relationship ([@evw112-B24]; [@evw112-B57]), and given their IgSF domain structures, we hypothesize that the Rat-like proteins encoded in these operons would also be substrates for the inverse autotransporter. In this regard, we note that the Rat-like protein from *Yersinia* was previously suggested to be a substrate for the protein translocase Yfr4 ([@evw112-B66]). Our sequence analysis now makes clear that Yfr4 is a member of the inverse autotransporter family ([fig. 8*A*](#evw112-F8){ref-type="fig"}). F[ig]{.smallcaps}. 9.---Relationships between Rat-like proteins and Big domain proteins. (A) Protein--protein similarity network of putative two-partner secretion systems with inverse autotransporters and closely related sequences, including the membrane-embedded proteins as well as their putative substrates as shown in [fig. 8*A*](#evw112-F8){ref-type="fig"}, using CLANS. The coloring corresponds to that used in [fig. 8*A*](#evw112-F8){ref-type="fig"}. (B) Domain architecture of selected Rat-like proteins as annotated in the InterPro database ([@evw112-B50], retrieved 2015 Aug 12). All proteins were subjected to Phyre2 ([@evw112-B34] in the intensive mode, and the parts of the retrieved structures that were not disordered are shown; the colors show secondary structure elements, and the images were prepared in Chimera ([@evw112-B56]). The blue bars below the domain profiles indicate the regions of the protein that were not disordered but are represented by structural elements.

Discussion
==========

[@evw112-B54] suggested the intimin/invasin family should be classified as the Type Ve secretion system, and coined the term inverse autotransporter. While this terminology has not yet been picked up widely in the literature, it is a highly appropriate classification and we suggest it be expanded to include four sub-families: intimin, invasin, FdeC-type adhesins, and two-partner inverse-autotransporters. The diagnostic features of the family are an N-terminal β-barrel domain that functions as the delivery device, and C-terminal domains that are predicted to have an IgSF fold, many of which are recognized by sequence profiling as either "Big" or "fibronectin" domains.

Analyses of the sequence and putative structures of the diverse members of the inverse autotransporter family gave insight into its evolutionary history. Almost exclusively restricted to the *Gammaproteobacteria*, these proteins show a highly disperse taxonomic distribution; in accordance with the sort of pattern now being recognized for classical virulence factors. The best studied members of the inverse autotransporter family, intimin and invasin, are two highly specialized forms almost exclusively restricted to *Escherichia* spp. and *Yersinia* spp., respectively. In the case of the intimin, it seems highly likely that this key component of the attaching/effacing lesion has rapidly evolved under pressure from the host immune system to generate serotypes with important functional differences within a relatively narrow range of overall sequence diversity. Despite being able to modulate diverse tissue tropism and evade immune surveillance to some extent, within the context of the overall inverse autotransporter protein family, the serotypes of intimin are effectively a single protein isoform and are rightly considered EaeA homologs.

Here we discovered that the majority of proteins in the inverse autotransporter family display a domain architecture-like FdeC, suggesting that they will function as adhesins. Expression of the adhesin FdeC on the bacterial cell surface is triggered by the interaction of *E. coli* with human cells ([@evw112-B52]). From analysis by protein crystallography and structural modeling, FdeC carries 10 Big domains, and is predicted to extend substantially from the outer surface of the outer membrane ([@evw112-B52]). FdeC provides adhesive properties important in two modes of attachment for *E. coli*: bacteria displaying FdeC on their surface are better able to interact with each other to form biofilms ([@evw112-B18]), and FdeC on ExPEC was shown to bind specifically to collagen and to promote colonization of kidney tissue surfaces ([@evw112-B18]).

The range in passenger domain size seen in inverse autotransporters, based on variation in the number of Big domains, is remarkable. It is yet another feature reminiscent of the autotransporters, where passenger domains can differ dramatically in length depending on the number of β-elements present in the predominantly β-helical structure of the passenger domain ([@evw112-B12]). Conceptually, this again ties the inverse autotransporter proteins of the Type Ve protein secretion system together with the autotransporters of the Type Va protein secretion system.

We suggest a further group of inverse autotransporters function as protein translocation devices for various protein substrates. A biochemical assessment of ZirT demonstrated that an epitope-tag on the C-terminus of the protein can be accessed by exogenously added protease, and it was, therefore, suggested that the entire C-terminal domain, composed of several Big domains, was extracellular ([@evw112-B24]; [@evw112-B57]). In contradistinction to this finding, two proteins, ZirS and ZirU, have been shown to depend on ZirT as a protein translocase, delivering them across the bacterial outer membrane ([@evw112-B24]; [@evw112-B57]). This conundrum has remained a Gordian knot, since structural studies show clearly that the channel in the β-barrel domain is blocked once it i**s** occupied by even one α-helix of the C-terminal domain ([@evw112-B20]).

Given how other devices within the Type V protein secretion system function, we suggest an alternative topology for proteins such as ZirT and SinH ([fig. 8*B*](#evw112-F8){ref-type="fig"}). In our model, ZirT and the related proteins Aec1, SinH, Yfr4, etc. function dynamically and wholly equivalent to classic, FhaC-type two-partner secretion systems. The β-barrel domain of ZirT and other inverse autotransporter translocases are assembled into the outer membrane by the β-barrel assembly machinery. The C-terminal passenger domain would fold in the periplasm, with the final segment of this domain folding back into the channel of the β-barrel domain. This is equivalent to the structurally defined topology of the two-partner secretion system FhaC ([@evw112-B14]; [@evw112-B30]; [@evw112-B47]) and would represent the resting state for the translocation device. This proposition is consistent with observations that diverse proteins with IgSF folds are found in the periplasm, and especially given that several of these function to bind and chaperone other IgSF-domain proteins to assist their biogenesis: either to complete their folding in the periplasm or to promote their translocation across the outer membrane ([@evw112-B11]).

According to this model, the Big domains of ZirT would serve as substrate-binding domains equivalent to the POTRA domains of FhaC. Big domains are known to function in protein-protein interactions, many of these being in the periplasm ([@evw112-B11]). Binding of the substrates ZirS and ZirU to the Big domains of ZirT would initiate a withdrawal of the C-terminal domain from the ZirT channel, and enable the translocation of the substrates through the outer membrane. By this mechanism, the secretion of multiple substrates such as ZirS and ZirU ([@evw112-B24]; [@evw112-B57]) and other proteins contained within a secretion system operon ([fig. 8*A*](#evw112-F8){ref-type="fig"}) can be accommodated. A repetitive mechanism such as this is the simplest explanation for how some of the inverse autotransporter operons shown in [figure 8*A*](#evw112-F8){ref-type="fig"} might secrete as many as four related substrate proteins. A further attraction of this model is that it brings together the various arms of the Type V secretion system based on their mechanism: autotransporters (Type Va), inverse-autotransporters (Type Ve), and two-partner secretion systems (Type Vb), with two-partner inverse-autotransporters.

Supplementary Material
======================

[Supplementary table S1-S7](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw112/-/DC1) are available at *Genome Biology and Evolution* online (<http://www.gbe.oxfordjournals.org/>).
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